The ability of satellite gravimetry data to validate global static models of the Earth's gravity field is studied. Two types of data are considered: K-band ranging (KBR) data from the Gravity Recovery and Climate Experiment (GRACE) mission and Satellite Gravity Gradiometry (SGG) data from the GOCE (Gravity field and steady-state Ocean Circulation Explorer) mission. The validation is based on analysis of misfits obtained as the differences between the data observed and those computed with a force model that includes, in particular, a static gravity field model to be assessed. To facilitate the model assessment on a region-by-region basis, we convert KBR data into so-called range combinations, which are approximately equivalent to the intersatellite accelerations. We only use the accurately measured components of SGG data, that is, xx, yy, zz and xz components with x, y and z being along-track, cross-track and radial axes. We perform the validation in spectral and spatial domain. The latter requires elimination of low-frequency noise in the misfit data with a subsequent averaging over pre-defined blocks. Only 'independent' data are used, that is, those that have not been used in the production of the models under consideration.
than EGM2008 in the gravimetrically well-surveyed continental areas: by 62-70 and 19-35 per cent and in the world's oceans: by 54 and 18 per cent, respectively. Nevertheless, the former models show a higher accuracy in the gravimetrically poorly surveyed continental areas: by 62-69 and 69-75 per cent, respectively. This difference is explained mostly by a loss of information content of ITG-Grace03 when it was combined with terrestrial gravimetry data to produce EGM2008. The KBR and SGG test data identify this loss of information content in 4-23 mHz (22-124 cpr) and 9-26 mHz (50-140 cpr) frequency ranges, respectively. It is shown that EIGEN-6C also suffers from a similar problem but in a much less pronounced manner. In South America, for instance, this model is found to perform somewhat poorer than its satellite-only counterpart, that is, EIGEN-6S, by about 12 per cent. The combined GRACE/GOCE models show in the poorly surveyed continental areas a higher accuracy than ITG-Grace2010s: by 23-36 per cent, which is attributed to the added value of the GOCE mission data. GOCO02S outperforms GOCO01S by not more than 2-5 per cent. DGM-1S and GOCO02S show an almost similar performance against SGG test data. However, the former model shows a slightly better agreement with KBR test data. Both models agree with test data better than EIGEN-6S.
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I N T RO D U C T I O N
The accuracy of static, global models of the Earth's gravity field keeps increasing. To a large extent, this is due to the launch of new satellite gravity missions: the Gravity Recovery And Climate Experiment (GRACE) (Tapley et al. 2004 ) and the Gravity field and steady-state Ocean Circulation Explorer (GOCE) (Drinkwater et al. 2003; Floberghagen et al. 2011) . The first of the two was launched in March 2002. It delivers data that have been used in the production of a number of global static gravity field models including: EIGEN-GL04 (Förste et al. 2008a) , EIGEN-GL05 (Förste et al. 2008b) , GGM02 (Tapley et al. 2005) , GGM03 (Tapley et al. 2007) , ITG-Grace03 (Mayer-Gürr 2006) , ITG-Grace2010s (MayerGürr et al. 2010a and EGM2008 (Pavlis et al. 2008 (Pavlis et al. , 2012 . The GOCE satellite is in orbit since 2009 March. The data from this mission have been used in the production of both GOCE-only models (Bruinsma et al. 2010; Pail et al. 2010a; Migliaccio et al. 2011) and a number of combined ones, which exploited GRACE data and, sometimes, terrestrial gravimetry and satellite altimetry measurements, for example, GOCO01S (Pail et al. 2010b) , GOCO02S (Goiginger et al. 2011) , EIGEN-6S (Förste et al. 2011 ), GOCO03S (Mayer-Gürr et al. 2012 and EIGEN-6C (Förste et al. 2011) .
The GRACE mission consists of two identical satellites coorbiting with an along-track separation of about 220 km at an altitude of approximately 500 km in a near polar orbit with an inclination of 89.5
• . Their primary scientific payload is a K-Band Ranging (KBR) system, which measures biased values of the intersatellite ranges with a precision of a few microns.
The GOCE satellite followed until 2012 August an orbit with an altitude of 254.9 km and an inclination of 96.7
• . Its primary measurements are the second-order derivatives of the gravitational potential, which form a matrix known as the gravity gradient tensor. They are often referred to as Satellite Gravity Gradiometry (SGG) data.
The high accuracy of the new global static gravity field models makes their validation a challenging task. There are a number of ways that have been traditionally used for that purpose based on different sets of control data: (i) applying a model to compute a satellite's orbit parameters, which are then confronted with Satellite Laser Ranging (SLR) and/or Global Positioning System (GPS) measurements acquired on-board the satellite (e.g. Visser et al. 2009; Gruber et al. 2011) ; (ii) synthesis of gravity anomalies or deflections of the vertical at the Earth's surface with a subsequent comparison of them with terrestrial gravimetry or astro-geodetic measurements, respectively (e.g. Ihde et al. 2010; Hirt et al. 2011) and (iii) usage of a model to compute the geoid height differences between various locations with a subsequent comparison of the results with GPS and levelling measurements (e.g. Gruber 2009; Gruber et al. 2011) . These validation techniques are not free of certain limitations. First, the accuracy of the new combined GRACE/GOCE models is so high that an assessment of them using control SLR-and/or GPS-based satellite orbit data mostly reveals errors in these data, so that different models may demonstrate a very similar performance. Secondly, the control data mentioned earlier, except for GPS-based satellite orbit data, are not currently globally or homogeneously available, which makes validation results obtained on their basis insufficiently representative. Thirdly, due to the spectral distribution of signal versus that of noise in the control data stated earlier, their frequency content is practically limited either to a very low-degree or to a very high-degree range in the spherical harmonic expansion of the gravitational potential. That is, satellite orbit data are only sensitive to low-degree spherical harmonic coefficients, whereas the terrestrial gravity anomalies, deflections of the vertical, and geoid height differences are primarily sensitive to high-degree coefficients.
The aim of this manuscript is to extend the set of tools for the validation of global static gravity field models. To that end, we analyse an alternative validation procedure in which the accuracy of models is assessed in terms of their ability to forecast data delivered by satellite gravity missions themselves. Two types of control data are considered: KBR data from the GRACE mission and SGG data from the GOCE mission. Each of them has its pros and cons. GRACE KBR measurements contain extremely accurate information about the gravity field. These measurements are particularly sensitive to signals at relatively low degrees, so that even temporal gravity field variations due to, for example, natural mass transport can be reliably sensed (Wahr et al. 1998) . They contain also some information about gravity signal up to high degrees: 180 or even higher (Ditmar et al. 2012) . In addition, these data cover practically the entire surface of the Earth due to a nearly polar orbit of the GRACE satellites. Unfortunately, the sensitivity of GRACE KBR data is highly anisotropic. They are much more sensitive to the north-south variations of the gravity field than to the east-west ones. This can be easily understood from the fact that the GRACE configuration can be seen as a realization of a very large, one-component, along-track gradiometer (Keller and Sharifi 2005) . Most of the time, the arm of this gradiometer is nearly parallel to the meridional direction and, therefore, almost 'blind' to the east-west gravity gradients. This means that a validation based on GRACE KBR data alone cannot provide comprehensive information about the quality of models. In contrast, GOCE SGG data contain information about spatial variations of the gravity field in all directions. Furthermore, the very low altitude of the GOCE satellite facilitates a high sensitivity of these measurements to small-scale spatial variations of the gravity field, namely signals up to degree 200-250. A drawback of these measurements is an increased noise level at low frequencies, especially at those associated with spherical harmonics of degree 27 and below (Rummel et al. 2011) . Furthermore, the geographical distribution of GOCE measurements suffers from polar gaps of approximately 1500 km in diameter. Thus, we find it essential to consider control data of both types to benefit from the advantages of each of them in the validation procedure.
Generally, it is always advisable to use only independent data for the validation. In this study, we define independent data as those that have not been incorporated into models under consideration. In this way, we reduce the likelihood of misleadingly obtaining the most favourable results for the models in the computation of which GRACE KBR and/or GOCE SGG data have been over-weighted. Fortunately, acquiring independent data of these types is currently not a problem, as both the GRACE and GOCE missions are still operational.
In this manuscript, we apply the proposed validation methodology to eight global static gravity field models. Seven of them are known from the previous publications: EGM2008 as a state-ofthe-art pre-GOCE model based on GRACE, terrestrial gravimetry and satellite altimetry data; EIGEN-6C, which uses GOCE data in addition to the data types considered in the production of EGM2008; two GRACE-only models, namely, ITG-Grace03, which served as GRACE pseudo-data in the production of EGM2008, and ITG-Grace2010s as a state-of-the-art GRACE-only model; and three combined (satellite-only) GRACE/GOCE models, namely, GOCO01S, EIGEN-6S and GOCO02S. The eighth model in the considered list is a new Delft Gravity Model, release 1, Satelliteonly (DGM-1S) developed at Delft University of Technology in collaboration with GNSS Research Centre of Wuhan University on the basis of GRACE and GOCE data.
The manuscript is structured as follows. Section 2 is devoted to the description of the validation methodology. The results of its application to six of the previously mentioned models (EGM2008, ITG-Grace2010s, GOCO01S, EIGEN-6S, GOCO02S and DGM-1S) are presented in Section 3. In this section, we (i) compare performance of the combined GRACE/GOCE models; and (ii) study the added value of the GOCE mission to the static gravity field modelling. The latter is performed by comparing the performance of the combined (satellite-only) GRACE/GOCE models with that of either EGM2008 or ITG-Grace2010s depending on which of the two performs better in a given context. In Section 4, as an example of another potential application of the proposed validation procedure, we inspect how successfully terrestrial gravimetry and satellite altimetry data have been combined with ITG-Grace03 in the production of EGM2008 and with GRACE and GOCE data in the production of EIGEN-6C. To that end, we analyse the difference in performance between (a) EGM2008 and ITG-Grace03; and (b) between EIGEN-6C and its satellite-only counterpart, EIGEN-6S. Section 5 is left for discussion and conclusions. Furthermore, Appendix A contains some basic information about the computation of DGM-1S. An in-depth presentation of this model is given in a separate publication (Hashemi Farahani et al. 2013 ).
M E T H O D O L O G Y
In this section, we describe (i) the functional models exploited to deal with GRACE KBR and GOCE SGG control data in the validation procedure; (ii) the way in which misfit of static gravity field models to these data are computed; and (iii) further steps required prior to the usage of misfit data for an analysis of the quality of the models.
Validation data

GOCE gravity gradients
The SGG control data from the GOCE mission are processed in the Gradiometer Reference Frame (GRF): a right-handed satellitefixed frame whose x, y and z axes under normal circumstances are respectively in the along-track (flight), cross-track (orthogonal to the orbital plane) and radial (downwards) directions with an approximation of a few degrees (Rummel et al. 2011) . It is important to add that these measurements can be considered as 'in situ'. This means that each of them reflects the gravity field only in the vicinity of the measurement point. In other words, the functional model that relates parameters of the gravitational field with these data is 'local'. Only the accurately measured components in these data, namely,
(with V being the gravitational potential) are used in the validation of the models. They are hereafter referred to as xx, yy, zz and xz components, respectively.
GRACE range combinations
Local functional models are definitely preferable for a model validation, because they facilitate the assessment in different geographical regions, individually. Therefore, we introduce a local functional model in the context of GRACE KBR control data as well. More specifically, we use these data in the form of so-called 'range combination', proposed by Liu (2008) . A range combinationā(t) is defined as
where t denotes the sampling interval, ρ(t − t), ρ(t) and ρ(t + t) are bias-corrected KBR ranges (see Liu 2008) at three successive epochs, and θ (±) are the angles between the line-of-sight at the middle epoch and the line-of-sight at the previous and subsequent epochs, respectively. This means that cos θ (±) = e(t) · e(t ± t) with e(t − t), e(t) and e(t + t) being the unit vectors defining the line-of-sight direction at the three successive epochs. One can see that eq. (1) is close to a numerical differentiation with a three-point scheme. Therefore, a range combination is approximately equal to the line-of-sight component of the inter-satellite acceleration vector (Ditmar et al. 2012) . A more detailed description of the concept of range combinations can be found in (Liu 2008) . In particular, it is shown there that a range combination is equal to the intersatellite acceleration averaged with a certain weight within the differentiation time interval and projected onto the line-of-sight of the central epoch.
Computing residual data
The validation procedure makes use of the misfits between modelbased quantities and observations. These misfits are hereafter referred to as 'residual data' for the sake of brevity. The comparison between sets of residual data associated with various static gravity field models allows conclusions to be drawn regarding the quality of those models. It is worth reminding that observations naturally refer to the instantaneous gravity field, which experiences temporal variations. In addition, GRACE KBR measurements are influenced by non-gravitational forces. Therefore, a computation of residual data requires that either observations are reduced for nuisance signals (associated with temporal gravity field variations and, possibly, non-gravitational forces) or model-based quantities are computed based on a force model that in addition to the static gravity field model takes these nuisance signals into account. The former approach is followed in the context of SGG control data, whereas the latter one in the context of KBR control data.
Computing GOCE residual gravity gradients
The GOCE residual gravity gradients are computed on the basis of the input provided by the European Space Agency (ESA): (1) SGG measurements in the GRF with 1-s sampling; and (2) reduceddynamic orbits with 10-s sampling de Witte 2011) . The latter ones are interpolated at the gradiometer measurement epochs using an eleventh-order Legendre interpolation scheme. The model based gravity gradients are evaluated at those positions. The SGG measurements are corrected for the following time-varying signals: (i) direct (astronomical) tides modelled with the Jet Propulsion Laboratory (JPL) DE405 and LE405 lunar and planetary ephemerides (Standish 1998) ; (ii) solid Earth and pole tides (McCarthy and Petit 2004) ; (iii) ocean tides given by the FES2004 model (Lyard et al. 2006) and (iv) non-tidal mass redistribution in the atmosphere and oceans described by the fourth release of the Atmosphere and Ocean De-aliasing level-1B (AOD1B) product (Flechtner 2007) .
Computing GRACE residual range combinations
Computation of GRACE residual range combinations is somewhat more complicated. The force model defined above has to be extended further. First, non-gravitational forces measured by the onboard accelerometers (Case et al. 2004) are included into the force model. Secondly, in view of a high sensitivity of GRACE KBR data to temporal variations of the gravity field, the list of time-varying signals, applied in the computation of GOCE-based residuals, is complemented with additional minor signals associated with (i) relativistic effects (McCarthy and Petit 2004) and (ii) ocean pole tide (Desai 2002) .
Furthermore, long-term (i.e. with a characteristic time longer than 1 month) gravity field temporal variations are taken into account. At many geographical locations, a prominent annual cycle of mass variations of hydrological origin takes place. Moreover, in some regions (mostly located in the polar areas), a steady accumulation or loss of mass occurs due to postglacial rebound and shrinking of polar ice sheets. Therefore, a discrepancy between a static gravity field model and GRACE KBR control data collected at a certain moment of time may reveal not only the model's inaccuracies but also an evolution of the gravity field in the course of time. To mitigate this effect, we complement the force model with a term described by eq. (2), namely, a model m (LT) (t) of Long Term (LT) gravity field variations. To that end, we use the release four of the Centre for Space Research (CSR)'s GRACE-based monthly gravity field solutions m (CSR) (t) (Bettadpur 2007) processed with an anisotropic filter in accordance with (Kusche et al. 2009 ). Before using these solutions, we correct them for a non-zero mean m (CSR) (t):
The latter is computed by averaging the monthly gravity field solutions available in the time interval that coincides with the one covered by GRACE KBR data used in the production of the static gravity field model under assessment. The necessity of this operation can be understood from the fact that long-term variations of the gravity field are not usually removed from GRACE KBR data prior to the computation of a static gravity field model. Since GRACE KBR data are practically the only source of information about temporal gravity field variations, such a model is nothing but the mean gravity field in the time interval covered by GRACE KBR data used in its computation. Thus, by subtracting the non-zero mean m (CSR) (t) computed over the same time interval, we ensure that m (LT) (t) approximates nothing but the deviation of the instantaneous gravity field from the reference level defined by the static gravity field model under consideration. This deviation includes, among others, annual variations and linear trends.
An auxiliary input required for computing GRACE residual range combinations are kinematic (or reduced-dynamic) orbits of the GRACE satellites, which were produced in-house. On the basis of those orbits and the adopted force model, we compute dynamic orbits of the GRACE satellites using the Positioning And Navigation Data Analyst (PANDA) software package (Zhao 2004) . The duration of orbital arcs is 6 hr. Twelve parameters per orbital arc are estimated: six state vector parameters, three accelerometer bias parameters and three accelerometer scaling factors. The use of the dynamic orbits is twofold. First, they are exploited to compute the intersatellite ranges, which are then subtracted from the observed ones to form the residual ranges. The latter ones are needed to compute residual range combinations. Secondly, these orbits are considered as the source of information about the line-of-sight orientations, which are used to compute the angles θ (−) and θ (+) when the residual ranges are converted into residual range combinations, cf. eq. (1).
Suppressing noise
In the first instance, the validation is performed in the spectral domain on the basis of the Power Spectral Density (PSD) of the obtained residual data. However, a spectral analysis of residuals does not allow identifying the geographical regions responsible for misfits of static gravity field models to control data. Therefore, we find it essential to analyse the residual data sets in the spatial domain as well. This requires improving signal-to-noise ratio in the sets of residual data. It is worth noting that 'signal' in this context is defined as inaccuracies of a given static gravity field model propagated into the corresponding sets of residual data.
The residual data of both types show an increased level of noise at low frequencies. It exceeds the noise level at mid-frequencies approximately 30 and 300 times in the case of the GRACE and GOCE residual data, respectively. In the residuals of the former type, this noise is eliminated using a high-pass filter based on an empirical model composed of seven parameters (Kim 2000) :
where r(t) is a value estimated by the empirical model, ω = 2π T is the orbital angular velocity with T being the orbital revolution time, and x 0 , x 1 , . . . , and x 6 are unknown parameters. These parameters are estimated per orbital revolution by means of a least-squares adjustment. Subsequently, the values synthesized with the empirical model are subtracted from GRACE residual range combinations. This operation leads to the elimination of noise up to approximately three cycles-per-revolution (cpr) frequency. Elimination of the lowfrequency noise in the case of GOCE residual gravity gradients is achieved in a similar manner, but the empirical model includes a bias, a linear trend and periodic terms up to 27-cpr frequency:
where x 0 , x 1 , . . . , and x 55 are unknown parameters. The application of this filter eliminates noise in GOCE residual gravity gradients up to the 27-cpr frequency, which corresponds to the lower bound of the gradiometer measurement band, that is, 5 mHz (Rummel et al. 2011) . Furthermore, we find it essential to suppress noise as a whole, including that in high-frequency range where the instrumental noise is particularly strong (above 25 mHz and 100 mHz in the case of GRACE KBR and GOCE SGG data, respectively). To that end, we map the residuals onto the Earth's surface and compute mean residuals per
• × • block, where
• is the block size in degrees. In the case of GRACE KBR data, each block-mean value is computed on the basis of all measurements for which the mid-point between the GRACE satellites is located inside that block. Assuming that noise in different orbital tracks is uncorrelated, computation of block-mean values results in the suppression of noise at least by the factor equal to the square root of the average number of orbital tracks crossing the blocks. Thus, the longer the duration of a data set considered in the validation procedure is, the better signal-to-noise ratio is expected.
The computation of block-mean values also leads to another positive outcome. It operates as low-pass filtering of residual data. The GRACE and GOCE satellites cross the distance of
• in about
s, where v ≈ 7.4 km s −1 and v ≈ 8 km s −1 , respectively denote the GRACE and GOCE satellites' ground speed and 6370 is the Earth's mean equatorial radius in kilometres. Thus, noise and signal at the frequencies above f • = 1 t • Hz or equivalently above f • × 5400 cpr are largely averaged out (5400 is the satellites' orbital revolution in seconds). The frequency f • × 5400 cpr can be approximately associated with spherical harmonic coefficients of degree N • = f • × 5400 and less. This means that the validation of a model becomes largely limited to its coefficients below degree N • . For instance, choosing
• equal to 6
• or 3
• associates the outcome of the validation largely with the coefficients of models below degree 60 or 120, respectively. Given a unique sensitivity of GRACE KBR data to low degree spherical harmonics of the gravity field, this is extremely beneficial when assessment of low degree coefficients of a model is the primary focus. In that case, it is sufficient to choose
• in accordance with the maximum degree up to which the validation of a model is to be performed.
A P P L I C AT I O N
In this section, we use the methodology described earlier to perform a validation of six static gravity field models already mentioned in Section 1.
(i) ITG-Grace2010s, which is complete up to degree 180 and based on 7 yr of GRACE KBR and kinematic orbit data (August 2002 -August 2009 .
(ii) GOCO01S, which is complete up to degree 224 and based on a combination of ITG-Grace2010s with 2 months of GOCE SGG data November-2009 .
(iii) GOCO02S, which is complete up to degree 250 and based on a combination of ITG-Grace2010s with 8 months of GOCE SGG data, 12 months of GOCE kinematic orbit data, 8 yr of the Challenging Mini-satellite Payload (CHAMP) kinematic orbit data, and 5 yr of SLR data from five satellites.
(iv) EIGEN-6S, which is complete up to degree 240 and based on 7.5 yr of GRACE KBR and kinematic orbit data ( (vi) EGM2008, which is complete up to degree 2159 (with some coefficients up to degree 2190) and based on a combination of ITGGrace03 with an extended set of terrestrial gravimetry and satellite altimetry data. In this study, we truncate this model at degree 250 to be consistent with the maximum degree of GOCO02S and DGM-1S and speed up the computations. In any case, the satellite control data used in this manuscript are hardly sensitive to coefficients above degree 250. Fig. 1 shows the geoid height difference per degree between the first five models and EGM2008.
One can see that GOCO02S and DGM-1S in this representation agree with EGM2008 almost equally well, whereas ITGGrace2010s, GOCO01S and EIGEN-6S show slightly larger deviations from it at high degrees. Unfortunately, such a comparison hardly allows conclusions to be drawn regarding the actual accuracy of the six models under consideration. The following questions remain open: (1) How to interpret the disagreement between EGM2008 on the one hand and the other five models on the other hand that rapidly increases above degree 50? Is it an evidence of a lower quality of EGM2008 or an indication of an insufficient accuracy of the other five models? (2) Is it fair to interpret a relatively poor agreement of ITG-Grace2010s, GOCO01S and EIGEN-6S with EGM2008 as an indication of a lower accuracy of these three models as compared to GOCO02S and DGM-1S? (3) Is it fair to state that the accuracy of models that match EGM2008 equally well is equal? In this section, we attempt to answer these questions using the proposed validation methodology. The control data utilized for this purpose are:
(i) GRACE range combinations based on KBR data covering all 12 months of 2010 (5-s sampling).
(ii) GOCE gravity gradients based on SGG data from 2011 March to May (1-s sampling).
These data have not been used in the production of any of the considered models. The original data are converted into sets of residuals associated with these models as described in the previous section. In the course of the validation of the models, we also compare the ability of GRACE KBR and GOCE SGG data to reveal model inaccuracies. To make this comparison equitable, we find it important to ensure the same length of the data sets. Therefore, in addition to the yearly set of GRACE range combinations, we also consider a subset of it with the length equal to that of the considered GOCE SGG data (i.e. 3 months) using the data collected in 2010 August-October. Fig. 2 shows the square-root of PSD of the sets of GRACE residual range combinations associated with the six aforementioned models (data of 2010 February are used). The shown frequency range in Fig. 2(a) is limited to the one in which a pronounced difference is observed between the performance of EGM2008 and that of the other five models, whereas Fig. 2(b) zooms in the frequency range 3-11 mHz, where some differences are observed between consistencies of the latter models with the KBR control data. Fig. 2 (a) allows one to conclude that EGM2008 is of much lower accuracy than all the other considered models in the frequency range 5-22 mHz (27-120 cpr), which corresponds to signals at spatial scales of 180-800 km (half wavelengths). Practically no difference can be identified in Fig. 2(a) between the performance of the considered models above the upper bound of this frequency range. ITG-Grace2010s and the four combined GRACE/GOCE models in this representation seem to match the GRACE KBR control data almost equally well, so that the corresponding five curves are hardly distinguishable in Fig. 2(a) . However, the zoomed-in picture (Fig. 2b ) allows some differences in the model performance to be revealed in the frequency range 4-10 mHz (22-54 cpr), which corresponds to signals at spatial scales of 400-990 km. In this frequency range, DGM-1S shows a slightly better agreement with the control data than the other combined GRACE/GOCE models and ITG-Grace2010s. 
Validation against GRACE KBR data
Validation in the spectral domain
Validation in the spatial domain
To begin with, we set
• equal to 1 • , which results in the elimination of high-frequency noise in residual range combinations above 66 mHz. It also leads to a suppression of noise as a whole with a factor of approximately √ 33 ≈ 5.7, where 33 is the average number of GRACE orbital tracks crossing one block in 2010. For the 3-month data subset, this factor reduces to 3. It is important to note that the chosen size of the blocks allows gravity signal to be largely preserved, since a full suppression of signal would occur only around degree 360, whereas all the considered models are complete, at maximum, up to degree 250. This means that the 'total' accuracy of the models is analysed to the extent possible with GRACE KBR data. Fig. 3 shows the sets of GRACE 1
• × 1 • block-mean residual range combinations globally. The 112-km wide (in diameter) polar gaps in the GRACE spatial coverage are absent in these maps.
A visual inspection of the maps presented in Fig. 3 suggests splitting the continental areas into three categories: (1) areas that have a poor coverage with terrestrial gravimetry measurements, where EGM2008 shows a relatively poor agreement with the GRACE KBR control data, whereas the other considered models match them much better (e.g. the Himalayas, the Northern part of South America and the Equatorial Africa); (2) areas that are well surveyed by terrestrial gravimetry campaigns, where all the six models visually demonstrate a good match to the control data (e.g. Australia, North America and the Northern part of Eurasia) and (3) polar areas with a systematic linear trend in mass variations (mainly caused by a steady ice mass loss there), where all the six models show an increased level of disagreement with the control data (e.g. the South coast of Alaska, the Southern part of Greenland and the coast of Amundsen sea in Antarctica). In addition, we introduce the fourth category: the world's oceans within the latitudes 65
• S and 65
• N, which is characterized by an excellent coverage with TOPEX/Poseidon satellite altimetry data (see Sandwell & Smith 2009) . A good match with the control data is observed there for all the six models. To obtain some quantitative estimates, we define three rectangular regions in the areas of the first, second and third categories (nine regions in total), which are marked in Fig. 3(a) . In Table 1 , the Root Mean Square (rms) of the sets of GRACE 1
• × 1 • block-mean residual range combinations related to the considered models are presented for each of these nine rectangular regions as well as for the world's oceans (65
• S-65
• N) and for the entire globe, both for the 1-yr data set and the 3-month subset.
According to Table 1 , the 1-yr data set as compared to the 3-month subset shows a significant reduction of misfit to the considered models: by 20-42 per cent. This is probably a consequence of a more efficient suppression of random noise when a longer data set is considered. The exception is EGM2008 in the regions of the first category, where this reduction is only 5-6 per cent. This is probably because the signal-to-noise ratio in this case is significantly higher than in the other cases. On the other hand, for some combinations of the region and model, this reduction approaches a factor of √ (with 12 and 3, respectively, referring to the lengths of the 1-yr Table 1 . The rms of the GRACE 1 • × 1 • block-mean residual range combinations (in µGal) per region, obtained from the 1-yr data set (in the numerator) and from the 3-month subset (in the denominator). The nine considered rectangular regions are defined by longitudinal and latitudinal boundaries marked in Fig. 3(a) data set and the 3-month subset), which is the maximum value one can expect under the assumption that noise time-series in different months are not correlated with each other. This allows us to conclude that random noise in the control data plays a substantial, if not dominant, role in the obtained rms misfits. Nevertheless, these rms values still show some differences between the models and between the regions, which means that they also contain valuable information for a model validation. Further analysis is fully based on the misfits to the 1-yr data set, as they are proven to be less contaminated by random noise. The rms misfits indicate that ITG-Grace2010s and the combined GRACE/GOCE models demonstrate a much higher accuracy than EGM2008 in the regions from the first category: by 79-85 per cent. We find it worth discussing the origin of this difference. EGM2008 utilized GRACE data by including the GRACE-based ITG-Grace03 into the data combination. ITG-Grace03 uses approximately 50 per cent less GRACE data than ITG-Grace2010s. Therefore, the latter model is statistically expected to be more accurate than the former one by a factor of only √ 1.5 ≈ 1.2 (or 20 per cent). This statistically expected better performance will be confirmed in Section 4.1 by the SGG control data. This means that only a small portion of the performance difference between ITG-Grace2010s and EGM2008 in the first category regions can be attributed to the contribution of the extra GRACE KBR data incorporated into ITG-Grace2010s. The rest of it can only be explained by a lower accuracy of EGM2008 as compared to ITG-Grace03 in these areas. One may find this as an unexpected outcome. Ideally, in an optimal combination of a GRACE-only model with terrestrial gravimetry measurements, the resulting model should perform in the gravimetrically poorly surveyed continental areas at least as well as the GRACE-only model. Nevertheless, as reported by Pavlis et al. (2012) themselves, a loss of information content of ITG-Grace03 has indeed occurred in the production of EGM2008 over the areas that are poorly surveyed gravimetrically. In Section 4, we utilize the proposed validation procedure to analyse this deficiency further and present a quantification of its severity.
Furthermore, Table 1 allows us to conclude that ITG-Grace2010s and the combined GRACE/GOCE models consistently demonstrate a slightly higher accuracy than EGM2008 in the regions from the second category (by 5-9 per cent) and in the 'World's oceans' (by about 11 per cent). In addition, Table 1 reveals a comparable performance of ITG-Grace2010s and of the four combined GRACE/GOCE models in the regions belonging to the first and second categories as well as in the 'World's oceans'. In most cases, DGM-1S matches the GRACE KBR control data slightly better than the other models. For instance, in 'Himalayas' DGM-1S seems to outperform ITG-Grace2010s (or GOCO02S), GOCO01S and EIGEN-6S by about 2, 1 and 4 per cent, respectively. Given the fact that ITG-Grace2010s is fully independent from GOCE data and GOCO01S uses only a very limited set of them, it is worth noting that that these two models show practically the same agreement with the GRACE control data as EIGEN-6S, GOCO02S and DGM-1S. They even show a slightly smaller misfit than EIGEN-6S in some regions (e.g. in 'Himalayas' and 'North Eurasia': by 2-3 per cent). We explain this by a low sensitivity of the GRACE KBR control data to the contribution of the GOCE SGG data used in the production of the combined GRACE/GOCE models, which manifests itself at relatively high degrees (see Fig. 1 ).
In the regions from the third category, DGM-1S fits the GRACE KBR control data by 9-19 per cent better than the other models. Though such a difference seems to be substantial, we recommend interpreting this result with a caution. Time-varying gravity field signals in the regions of the third category are very strong. To demonstrate that, we have re-computed block-mean residual range combinations without including the CSR monthly solutions into the force model. The results obtained this way on the basis of DGM-1S are shown in Fig. 4 . A comparison of it with Fig. 3(f) demonstrates that these signals are largely removed in our model validation procedure. It is very likely, however, that the CSR solutions are unable to remove these signals from the GRACE KBR data completely. This may have been caused by a variety of reasons, for example, a limited temporal resolution of the CSR solutions (1 month), a limited spatial resolution of them (degree 60) or a suppression of signal due to anisotropic filtering. Consequently, the rms misfits obtained in the third category regions may be contaminated with relatively large systematic errors. Globally, the agreement of EGM2008 with the GRACE KBR control data is worse than of the other five models: by 42-43 per cent. The latter models agree with the KBR data globally almost equally well (DGM-1S matches these data by 1-2 per cent better than ITGGrace2010s, GOCO01S, EIGEN-6S and GOCO02S).
Due to the fact that the accuracy of satellite-only models reduces with increasing degrees (see Fig. 1 ), the validation based on 1
• × 1
• blocks may be insufficiently sensitive to errors in low-degree coefficients. To shed more light on this issue, we perform the validation of the models using 3
• × 3
• and 6
• × 6
• block-mean residual range combinations obtained from the 1-yr data set. The average number of GRACE orbital tracks crossing the 3
• blocks in year 2010 is 112 and 228, respectively. This allows noise in the sets of residual range combinations to be suppressed by a factor of √ 112 ≈ 11 and √ 228 ≈ 15, respectively. Figs 5 and 6 show the obtained sets of 3
• block-mean residuals, respectively. The corresponding rms values computed in the previously defined regions are presented in Table 2 . The conducted analysis shows in particular that the low-degree part of DGM-1S is globally by up to 10 per cent more consistent with the KBR control data than the other models. We find it also remarkable that in the case of 6
• × 6 • blocks, EGM2008 demonstrates globally and outside the poorly studied continental areas a higher level of consistency with the KBR control data than the other models. Fig. 7 shows the spectra of GOCE residual gravity gradients associated with all the six models under consideration (the data of 2011 May are used). The shown frequency range in these plots is limited to the one in which differences between the models can be visually identified.
Validation against GOCE SGG data
Validation in the spectral domain
These pictures demonstrate a lower performance of EGM2008 as compared to the other five models in the frequency range 10-28 mHz (54-150 cpr), which corresponds to signals at spatial scales of 140-390 km (half wavelengths). This largely confirms the outcome of the validation against the GRACE KBR data, but the pronounced differences in that case appeared at lower frequencies: 5-22 mHz. Furthermore, Fig. 7 demonstrates a much higher accuracy of EGM2008 and the combined GRACE/GOCE models as opposed to ITG-Grace2010s in the frequency range 25-37 mHz or 135-200 cpr (spatial scales of 105-155 km). This can be explained by the high-frequency information content in GOCE SGG data exploited in the combined GRACE/GOCE models and that in the terrestrial gravimetry and satellite altimetry data exploited in EGM2008. As far as the combined GRACE/GOCE models are concerned, the curves associated with them are practically indistinguishable in the plots. An exception is the frequency range 27-37 mHz or 146-200 cpr (spatial scales of 105-140 km), where GOCO01S shows slightly larger misfits to the GOCE SGG control data at the xx component. The yy component in Fig. 7 does not reveal performance differences as pronounced as the other considered components. Besides, the PSD's at the yy component shows for the combined GRACE/GOCE models a much higher level than at the xx component. This contradicts to the fact that these two components are of an almost similar quality under normal circumstances. A possible reason for these peculiarities is discussed in the next subsection.
Validation in the spatial domain
To perform the validation of the models in the spatial domain, we use the sets of GOCE residual gravity gradients to compute 1 • × 1 • block-mean residuals. The results for the xx, yy, zz and xz components are globally plotted in Figs 8-11 , respectively. Only the maps associated with EGM2008, ITG-Grace2010s and DGM-1S are shown, because the maps for the other three models are practically indistinguishable at most locations. The 1500-km wide (in diameter) polar gaps in GOCE data are absent in these maps.
The rms values are presented in Table 3 for all the four gravity gradient components and for all the six considered models. They are obtained globally as well as for the nine rectangular regions defined in Section 3.1.2 and for the world's oceans (65
• S-65 • N). From Figs 8-10 and Table 3 , one can see that the obtained results are, in general, in agreement with those based on the GRACE KBR control data. In particular ITG-Grace2010s and the combined GRACE/GOCE models, as compared to EGM2008, demonstrate in the regions from the first category a better consistency with the control data at all the four components. At the zz component, for instance, the rms misfits obtained for ITG-Grace2010s and the combined GRACE/GOCE models are smaller than those for EGM2008 by 69-75 and 76-83 per cent, respectively. In the regions from the second category, the combined GRACE/GOCE models also demonstrate a higher accuracy than EGM2008. The difference in performance is particularly large for the zz component over North Eurasia: nearly 15 per cent. For the other two regions of this category, the difference is 3-4 per cent. There are, however, a few exceptions. For instance, EIGEN-6S shows in 'Australia' larger misfits to the yy component of SGG data than EGM2008 (by about 4 per cent).
In the 'World's oceans', the combined GRACE/GOCE models also demonstrate a better match to the GOCE SGG control data than EGM2008. At the xx, yy, zz and xz components, the observed difference is about 7, 5, 11 and 1 per cent, respectively.
GOCO02S and DGM-1S show, in general, a better match to the GOCE SGG control data than EIGEN-6S. At the zz component, for instance, the difference in most regions and globally is 3-4 per cent. In 'Himalayas', the difference reaches about 17 and 15 per cent in the case of xx and zz components, respectively.
On the other hand, there are some disagreements with the results based on the GRACE KBR control data. First, ITG-Grace2010s shows a much lower accuracy than EGM2008 in the regions from the second category and in the 'World's oceans'. At the zz component, the difference reaches 19-35 and 18 per cent, respectively. These differences are even more pronounced at the xx component: 18-48 and 23 per cent, respectively. Secondly, the SGG data, unlike the KBR data, clearly show a lower performance of EGM2008 as compared to the combined GRACE/GOCE models in the regions from the third category. At the zz component, the difference reaches 12-25 per cent. Thirdly, the GOCE SGG control data reveal an expected better performance of DGM-1S and GOCO02S as compared to GOCO01S: by 4-5 per cent at the zz component. Fourthly, practically no difference can be seen in the performance of GOCO02S and DGM-1S. Fifthly, all the combined GRACE/GOCE models under consideration consistently demonstrate a higher accuracy than ITG-Grace2010s in all the considered regions. At the zz component, for instance, the difference is 13-36 per cent.
It is also worth noticing that the xz component is less sensitive to gravity field signal as compared to the diagonal components. This can be clearly observed by comparing the inconsistencies of EGM2008 associated with the diagonal components (Figs 8a, 9a and 10a) with those associated with the xz component (Fig. 11a) in the regions from the first category, where this model is relatively inaccurate. At the xx, yy and zz components, the performance of this model is worse than GOCO02S by 71-80, 71-79 and 76-83 per cent, respectively, whereas at the xz component the difference is only 20-30 per cent. This allows us to conclude that the xz component is least informative in gravity field modelling. This justifies the fact that it is usually not exploited in the model production. Furthermore, one can observe large disagreements between all the considered models and the yy component of the GOCE SGG control data (particularly, around the magnetic poles of the Earth, but also along some individual orbital tracks). This leads to a significant spatial variability of the rms misfits associated with this component. For instance, this component shows much larger rms misfits than the other ones in 'North Eurasia', 'South Alaska', 'South Greenland' and 'North America'. Since these discrepancies are observed for all the six models under consideration, we interpret them as an evidence of a low accuracy of the yy component in the control data. This finding is consistent with the results of Siemes et al. (2012) , who explain this by a contamination of the yy component with the cross-track non-gravitational acceleration signals due to an imperfect gradiometer calibration.
These inaccuracies may also explain a peculiar behaviour of this component in the validation of the models in the spectral domain. To validate this hypothesis, we re-compute the PSD's related to this component with the same data as in the case of Fig. 7 but only using the latitudinal band 45
• S-45
• N, where the accuracy of the yy component is less degraded. The square-root of the resulting PSD's are exhibited in Fig. 12 . This picture does reveal the model differences though only in the low-frequency range: 10-27 mHz. Furthermore, a comparison of the curves in Fig. 12 with those shown earlier for the xx component (Fig. 7a) in the context of the combined GRACE/GOCE models allows an expectedly comparable quality of these two components to be observed.
I N S P E C T I N G DATA C O M B I N AT I O N O P T I M A L I T Y I N M O D E L S C O M P I L E D I N T H E P R E S E N C E O F T E R R E S T R I A L D ATA
In this section, we apply the proposed validation procedure to investigate how successfully terrestrial gravimetry and satellite altimetry measurements have been combined (i) with ITG-Grace03 in the production of EGM2008; and (ii) with GRACE/GOCE data in the production of EIGEN-6C. To that end, we analyse the performance difference between EGM2008 and ITG-Grace03 in the first subsection and that between EIGEN-6C and its satellite only counterpart, that is, EIGEN-6S, in the second subsection. We perform these two inspections in the spectral domain as well as in the spatial domain based on the 1
• × 1 • block-mean values of GRACE residual range combinations related to only the 1-yr data set and on GOCE residual gravity gradients at only the diagonal components.
EGM2008 versus ITG-Grace03
Fig . 13 shows the square-root of PSD of the GRACE residual range combinations and GOCE residual gravity gradients at the xx component with respect to ITG-Grace03 and EGM2008. The shown frequency ranges are limited to those in which pronounced differences are observed. Figs 13(a) and (b) (related to the control KBR and SGG data, respectively) clearly identify a significant loss of information content in ITG-Grace03 in the production of EGM2008 in 4-23 mHz (22-124 cpr) and 9-26 mHz (50-140 cpr) frequency ranges, respectively. The latter picture, on the other hand, confirms a substantial gain in EGM2008 beyond the 26 mHz frequency due to the usage of terrestrial gravimetry and satellite altimetry data. We do not show here the validation spectral results related to the yy component due to its relatively low accuracy, as discussed in the previous section. The spectral results related to the zz and xz components are not shown either, because they lead to similar findings as those based on the xx component.
The block-mean values of the GRACE residual range combinations and of the GOCE residual gravity gradients related to ITGGrace03 are plotted in Figs 14 and 15 , respectively. The corresponding rms misfits obtained globally as well as for the previously defined nine rectangular regions and for the 'World's oceans' are presented in Table 4 . Those obtained for EGM2008 are also included there to facilitate the comparison. For the sake of completeness, the rms misfits related to the 3-month subset of the GRACE KBR control data are also included.
From a comparison of Figs 14 and 15 with their counterparts associated with EGM2008 (Figs 3a and 8a-10a, respectively) , one can clearly see that the data combination performed in the production of EGM2008 has led to a significant deterioration of the model's performance in the regions of the first category. The rms misfits confirm that EGM2008 is of much lower accuracy than ITG-Grace03 in those regions (by 79-85 per cent in the case of the GRACE KBR control data and by 59-69 per cent in the case of the GOCE SGG control data). Furthermore, the GRACE-based rms misfits suggest that EGM2008 also performs slightly poorer than ITG-Grace03 in the other considered regions. For instance, the difference in the regions of the second category is 6-8 per cent and in the 'World's oceans' is about 11 per cent up to maximum spectral ability of KBR control data. The conducted analysis confirms that the data combination in the production of EGM2008 has suffered from a partial loss of the information content of ITG-Grace03 in the areas with a poor coverage with terrestrial gravimetry data. Given the results related to KBR control data, a minor loss of information of ITG-Grace03 may have occurred also in the well-studied areas (in the frequency range to which these data are sensitive). On the other hand, the GOCE SGG control data clearly demonstrate that EGM2008 performs much better in the gravimetrically well-studied continental regions as well as in the oceanic areas. At the zz component, for instance, the difference in performance is 39-41 per cent and about 35 per cent, respectively. Furthermore, it is worth noticing that a comparison of Fig. 14 with Figs 15(b) and (c) shows that GRACE-based test fails to reveal the meridional inaccuracies, so-called stripes, in ITG-Grace03, whereas the results based on the yy and zz gravity gradient components reveal them clearly. We explain the inability of the KBR control data to reveal these errors by the anisotropic sensitivity of these data, which is (as it has been already mentioned in Section 1) a serious limitation of these data.
Finally, it is worth mentioning that the global rms misfit obtained for ITG-Grace03 on the basis of the KBR control data (i.e. 0.380 µGal) is about 0.5 per cent smaller than that for ITGGrace2010s. The reason for that is not understood. 
EIGEN-6C versus EIGEN-6S
Fig . 16 shows the square-root of PSD of the GRACE residual range combinations with respect to EIGEN-6C and its satellite-only counterpart. The picture in the zoomed frequency range (4-11 mHz or 22-60 cpr) only reveals minor performance differences, but importantly in favour of the satellite-only model. The implication is that a minor loss of information content of satellite data in the production of EIGEN-6C may have also occurred. The PSD's related to the GOCE SGG control data are not shown here, because they fail to reveal these differences due to their weak sensitivity in such low-frequency range.
The global maps of 1 • × 1 • block-mean values of GRACE residual range combinations and of GOCE residual gravity gradients related to EIGEN-6C are not shown, as they turn out to be visually indistinguishable from those previously shown for EIGEN-6S. This by itself indicates that EIGEN-6C has not suffered from a loss of information content in satellite data as severely as EGM2008. To quantify a potential information loss, we present the rms misfits related to EIGEN-6S and EIGEN-6C in Table 5 globally as well as in the previously defined regions. The results suggest that the combination of GRACE and GOCE data with the terrestrial gravimetry measurements in the production of EIGEN-6C has also led to a minor performance degradation as compared to EIGEN-6S in the first category regions. The maximum loss of information content of satellite data is observed in 'South America': by about 6 per cent at the yy component, by about 11 per cent at the xx and zz components and by about 1 per cent in the case of the GRACE KBR control data. A similar problem is also identified in 'Equatorial Africa' but in a less pronounced manner: by only 1-3 per cent in terms of rms misfits to the GOCE SGG control data. In the well-studied continental and oceanic areas, EIGEN-6C expectedly outperforms its satellite-only counterpart: the difference reaches 2-4 per cent at the zz component of gravity gradients. This level of performance difference is rather small. The implication is that our test may have not been sufficiently sensitive to the contribution of surface gravimetry data in a model produced in the presence of GOCE SGG data.
D I S C U S S I O N A N D C O N C L U S I O N S
With our study, we showed that both GRACE KBR and GOCE SGG data can be used as control data for a validation and comparison of global static gravity field models. To facilitate the model assessment on a region-by-region basis, we recommend to preprocess KBR data in such a way that they can be related to gravity field spatial variations locally: for example, to transform them into range combinations with eq. (1).
The validation can be performed in both the frequency and spatial domain. In the latter case, it is advised to represent residual data in the form of block-mean values, so that random noise in the data is suppressed. An advantage of the validation in the spatial domain is that the model performance can be assessed on a regional basis. However, an analysis in the spectral domain can be informative, too. First, it can provide some information about the model accuracy at different spatial scales. Secondly, it can clearly show which parts of the spectrum are overwhelmed by noise and, Table 4 . The rms of the GRACE 1 • × 1 • block-mean residual range combinations (in µGal) and the GOCE 1 • × 1 • block-mean residual gravity gradients (in mE) with respect to EGM2008 and ITG-Grace03. The GRACEbased rms misfits are presented for both the 1-yr data set (in the numerator) and for the 3-month subset (in the denominator). The top, middle and bottom rms numbers in a triad correspond to the xx, yy and zz components of GOCE SGG data, respectively. therefore, should be filtered out prior to the validation in the spatial domain.
In this study, we performed a validation and comparison of eight models: two models based on a combination of satellite and surface data: (EGM2008 and EIGEN-6C, both considered up to degree 250 only), two GRACE-only models (ITG-Grace03 and ITG-Grace2010s) and four satellite-only combined GRACE/GOCE models (GOCO01S, EIGEN-6S, GOCO02S and DGM-1S). Table 6 shows a summary of the validation results in the spatial domain. This table presents rms misfits of the 1
• × 1 • block-mean residuals glob- ally as well as for the pre-defined nine rectangular regions and for the 'World's oceans' in terms of percentages, defining that RMS misfit obtained for a given region for EGM2008 is 100 per cent. Since the RMS misfits for EGM2008 in most cases is the largest among all the models, the chosen presentation manner in Table 6 helps us to highlight the difference between the observed performance of EGM2008 on the one hand and of the other models on the other hand. The results based on both the KBR and SGG control data are included. The GRACE-based numbers correspond to the 3-month subset, so that their comparison with the GOCE-based numbers is more equitable. As far as the GOCE-based values are concerned, the minimum of the numbers obtained for the considered components are shown. In other words, we consider the best-case validation scenario among those based on the GOCE SGG control data. It is worth noting that these smallest numbers are mostly related to the zz component. Table 6 demonstrates, in particular, a significantly poorer performance of EGM2008 in the regions of the first category as compared to the other models, including ITG-Grace2010s. This implies that the added value of the GOCE mission to determining the gravity field in continental areas void of high-quality terrestrial measurements can be quantified more fairly by comparing the performance of the combined (satellite-only) GRACE/GOCE models with ITGGrace2010s rather than with EGM2008. In view of that, the validation of the models against the KBR control data does not allow this added value to be seen. The validation of the models against the SGG control data, however, quantifies the added value of the GOCE mission in these regions as an improvement of models quality by 21-36 per cent.
At the same time, validation against the SGG control data indicates a higher accuracy of EGM2008 than ITG-Grace2010s in the regions of the second category as well as in the 'World's oceans'. This implies that it is fairer to quantify the added value of GOCE data in those areas by comparing the performance of the combined satellite-only GRACE/GOCE models with that of EGM2008. In the context of the validation against the SGG control data, this turns Table 6 . The rms of the GRACE 1 • × 1 • block-mean residual range combinations (numerator) and the GOCE 1 • × 1 • block-mean residual gravity gradients (denominator) obtained for the assessed eight static gravity field models. The rms misfits are shown in terms of percentage with respect to the rms value obtained for EGM2008 in a given region. The GRACE-based values are computed from the 3-month data subset. The GOCE-based values are related to the minimum of those obtained for the considered gravity gradient components. In most cases, these minimum numbers are related to the zz component. Furthermore, it was shown that the combination of ITG-Grace03 and terrestrial gravimetry measurements in the production of EGM2008 has significantly worsened the quality of the resulting model as compared to ITG-Grace03 in the gravimetrically poorly studied continental areas. According to the KBR and SGG control data, this problem manifests itself in 4-23 mHz (22-124 cpr) and 9-26 mHz (50-140 cpr) frequency ranges, respectively. We relate this to a consequence of an imperfection in the data weighting performed in the data combination (e.g. due to a lacking stochastic description of noise in some input data). It is worth emphasizing that a loss of information content of ITG-Grace03 in the production of EGM2008 has been reported by Pavlis et al. (2012) themselves. The performance differences identified between these two models also explain a large part of those between ITG-Grace2010s and EGM2008 in the poorly studied continental areas.
In addition, we compared the performance of EIGEN-6C with that of its satellite-only counterpart, that is, EIGEN-6S, to inspect if the former model has also experienced a loss of information content of satellite data in the course of data combination. The inspection did reveal this problem in the poorly gravimetrically surveyed areas, but in a significantly less pronounced manner than in the case of EGM2008. In the well-studied continental and oceanic areas, an expected better performance of the EIGEN-6C model was confirmed. We relate the absence of significant information losses of satellite data in the production of EIGEN-6C to the adopted data combination scheme. According to Förste et al. (2011) , the surface gravity data were permitted to contribute to the production of this model only above degree 160, where the contribution of KBR and SGG data is not substantial.
The results based on the 1-yr KBR control data set and to some extent on the 3-month subset (summarized in Table 6 ) indicate that DGM-1S shows slightly smaller misfits than the other combined GRACE/GOCE models. One may argue that this is because the same functional model based on range combinations is exploited to handle GRACE KBR data in both the model production and the model validation. This is not the case for the other considered models, all of which use in one way or another KBR data in the form of range-rates. Therefore, we additionally performed the validation of the models using GRACE range-rates. In doing so, we computed the sets of GRACE 1
• × 1 • block-mean residual range-rates using the 1-yr data set. The corresponding rms misfits obtained globally read as 59 nm s −1 , 55 nm s −1 , 49.4 nm s −1 , 49.8 nm s −1 , 49.4 nm s −1 and 49.3 nm s −1 for EGM2008, ITG-Grace2010s, GOCO01S, EIGEN-6S, GOCO02S and DGM-1S, respectively. Thus, DGM-1S still shows a smaller or similar rms misfit as compared to the other models.
The comparison of the validation results based on the KBR and SGG control data in the spectral domain (respectively presented in Figs 2 and 7) clearly shows a difference in sensitivity of these two data types to model inaccuracies. For instance, the KBR data show inconsistencies with EGM2008 in the frequency range 5-22 mHz with the maximum at about 12 mHz ≈ 65 cpr, which corresponds to degree 65 and less. On the other hand, the SGG data demonstrate inconsistencies with this model at higher degrees. For instance, the xx component shows inconsistencies in the frequency range 10-32 mHz with the maximum at 22.5 mHz ≈ 120 cpr. We also note the frequency range 25-37 mHz, in which the SGG data (particularly, at the xx component), show large inconsistencies with ITG-Grace2010s, whereas the KBR test data do not allow these inconsistencies to be seen due to an increased noise level at high frequencies. In other words, SGG data expectedly show the maximum sensitivity to model inaccuracies at higher degrees as compared to KBR data.
The results obtained by the validation in the spatial domain, which are summarized in Table 6 , offers another way to compare the sensitivity of KBR and SGG data to model inaccuracies. One can see that the SGG data, as compared to the KBR data, reveal a larger discrepancy between the performances of the models. For instance, in the regions from the first and the second categories, the rms misfits associated with the combined GRACE/GOCE models are respectively equal to 17-24 and 80-96 per cent of those related to EGM2008 when the GOCE SGG data are considered, versus 24-32 per cent and 94-98 per cent when the GRACE KBR data are utilized. This indicates to an expectedly higher sensitivity of SGG data. However, this conclusion is based on the mean values over 1
• × 1 • blocks. The obtained values in this case may capture model inaccuracies up to degree 180 and even somewhat higher. Since model inaccuracies increase with degree, it is not surprising that SGG data act as a more sensitive tool in this situation.
A different frequency sensitivity of KBR and SGG data also explains why the former data practically do not allow discrepancies between GOCO01S and GOCO02S to be seen, whereas the latter data do reveal a difference of up to 4 per cent in terms of rms misfits (see Table 6 ). As it is explained at the beginning of Section 3, the major additional source of information used in GOCO02S was six extra months of GOCE SGG data. Clearly, the added value of these data manifest itself mostly at high degrees (see Fig. 1 ). The control data that are sensitive to high-frequency signals offer the best way to sense this improvement.
A better ability of SGG data to reveal model inaccuracies in the range of high degrees may also explain why these data indicate to a much higher accuracy of EGM2008 than ITG-Grace03 or ITGGrace2010s in the regions of the second category and in the 'World's oceans', whereas the KBR control data show a slightly worse quality of the former model. Furthermore, a different spectral sensitivity of these two data types may also explain a contradiction in the validation outcome in the third category regions, where DGM-1S shows a significantly higher consistency with the KBR control data as compared to, for example, GOCO02S, whereas an almost comparable performance of these two models is observed there in the case of the SGG control data (see Table 6 ). This contradiction is in line with our hypothesis of an incomplete removal of long-term mass transport signal from the KBR control data in the validation procedure. Since temporal variations of the gravity field occur mostly at low degrees (Wahr et al. 1998) , they have no effect when a validation of the models is performed against the SGG data.
Furthermore, the analysis performed in the spatial domain demonstrates another limitation of KBR control data: their anisotropic sensitivity. These data fail to reveal the meridional inaccuracies, so-called 'stripes', in ITG-Grace03 (Fig. 14) . On the other hand, the test performed based on the SGG control data (Fig. 15) clearly revels those errors.
The presented study proves that GOCE SGG and GRACE KBR data can complement each other in different ways. The GOCE gradiometer is a better tool to assess the integrated quality of a model up to a relatively high degree, that is, 180 or even higher. Importantly, the collection of the GOCE gradiometry data at various components is sensitive to gravity field variations in all directions, so that the validation results obtained on their basis can be considered as sufficiently comprehensive. Of course, the GOCE-based test in the spatial domain requires that the residual gravity gradients are averaged over sufficiently small blocks, for example, of the size 1
• × 1 • , so that a high sensitivity of SGG data at high frequencies can be exploited. At the same time, SGG data are less sensitive to possible model inaccuracies at lower degrees. Thus, a validation based on KBR data must be preferred when the model performance at low degrees is to be investigated, particularly, below degree 27. For this purpose, it is sufficient to increase the size of the block in computing the block-mean values. Of course, one should keep in mind the anisotropic sensitivity of GRACE KBR data, which limits their ability to assess the east-west gravity field variations. Another limitation of KBR data is an increased noise level at very low frequencies (cf. Fig. 2) , which can make these data poorly sensitive to model inaccuracies at very low degrees, that is, 2-4. Therefore, control data of other types, for example, SLR data, may be needed when the accuracy of a model at very low degrees is the primary concern.
An important outcome of the conducted study is the demonstrated ability of satellite data to sense the difference in the performance of static gravity field models on a region-by-region basis, even if the length of the independent control data is much shorter than the length of data sets used in the production of models. In the considered examples, for instance, all the models were based on several years of GRACE KBR data. Nevertheless, even a 3-month set of independent KBR data allowed a difference in the performance of EGM2008 and the combined GRACE/GOCE models to be seen. The 1-yr set of these data made this difference even more pronounced, as it further improved signal-to-noise ratio in the predefined blocks.
None of the static gravity field models considered in our manuscript uses the xz component of GOCE SGG data. Thus, this component is potentially the source of fully independent information for validation of models. This encouraged us to include the xz component into the sets of control data. Nevertheless, this component was found to be least informative among all the considered gravity gradient components.
It is worth noting that the model performance shown in the case of EGM2008 is in a good agreement (in terms of geographical distribution of its errors) with the propagated error estimates of this model (Pavlis et al. 2012) . It is a matter of future studies to inspect if this is also the case for the other tested models. To that end, it is sufficient to compare the actual errors of these models, a quantification of which is presented in this manuscript, with their propagated error estimates.
Importantly, both KBR and SGG data may suffer from systematic inaccuracies. Examples are inaccuracies related to calibration of GRACE attitude determination system (Horwath et al. 2011) and inaccuracies caused by an imperfect calibration of GOCE SGG data (Siemes et al. 2012) . Such inaccuracies contaminate both the data used for the production of models and the control data. Therefore, the proposed validation scheme may not reveal the impact of those inaccuracies, even if the control data are independent in line with our data independency definition. In the context of our study, this caveat does not apply to the validation of three of the tested models, namely, ITG-Grace03, EGM2008 and ITG-Grace2010s, with the SGG control data since these models were produced without GOCE SGG data.
We conclude by saying that a validation based on independent GRACE KBR and GOCE SGG data is a sufficiently general tool in the sense that it can be applied to any global static model of the Earth's gravity field, including the old ones. However, we find it important to emphasize that the proposed validation procedure represents only one way to test the model accuracy. A comprehensive evaluation of a model requires its validation against all types of independent control data, including the terrestrial ones.
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